Abstract: Protection of various materials against hydration is of continuing interest to chemists and material scientists. We report on stabilization of porous surface of activated γ-alumina spheres (AAS) against hydration by an adhesive coat of nano-magnetite particles. The nano-Fe 3 O 4 -coated AAS were prepared in the ultrasound-agitated suspension of magnetite nanoparticles in heptane and were characterized by using X-ray diffraction, scanning electron microscopy (SEM), transmission electron microscopy (TEM), BET surface area analysis and X-ray photoelectron spectroscopy (XPS). It is deduced that nanoparticle-alumina bonding interaction in non-polar organic solvent is enhanced by van der Waals attractive forces and that sonication induces changes in alumina morphology only in regions of contact between alumina and magnetite nanoparticles. The coated AAS submerged in still water avoid hydration and remain permeable by small gaseous (N 2 ) molecules, while those soaked in moving water lose part of their coat and undergo hydration. The pristine and the coated AAS were briefly compared for their ability to degrade model antibiotics by using LC-MS analysis. It is confirmed that the degradation of trimethoprim is more efficient on the coated AAS. Our results are challenging for further research of Coulombic interactions between nano-particles and appropriate solid supports.
Introduction
Protection against hydration of water-instable particles, molecules and surfaces is of lasting interest and has been explored in stabilization of these entities in biological and colloidal systems, [1, 2] dyes [3, 4] and pigment useful extenders or fillers [5] . It was also recognized in reversible hydration-dehydration equilibria of heteroaromatic molecules [6, 7] and it is of common use in stabilization of various surfaces by chemical coating with water-repellent reagents, vapor and laser deposition and sputtering methods. [8] [9] [10] Other examples of stabilization against hydration relate to sesquioxides of the lanthanide series like Nd 2 O 3 stabilized through sintering with added metal oxide dopants (particularly Y 2 O 3 and TiO 2 ). [11, 12] The past two decades have witnessed an enormous use of physical processes (e.g. magnetron sputtering, laser or plasma deposition, atomic oxygen-assisted MBE) through which large inorganic bodies become extensively coated with high-energy species in vacuum and the produced coats are preserved when exposed to air, organic solvent and even aqueous phase. These processes do not appear to be accompanied by low-cost coating procedures involving weak van der Waals interactions between surface and nanoparticles in liquid phases, although future science may solve tasks related to weak interactions between surface and nanoparticles in these media. Such interactions are affected by structure and stability of interacting species in a given liquid phase; it is known that bonding between nanoparticles and surface is affected by the extent of their solvation, nanoparticles mobility in the aquatic media is highly restricted by their aggregation and the stability of the surface may be influenced by hydration leading to different surface structures.
Such limitations preclude coating of moisture sensitive materials by nanoparticles in water and in liquid polar organic compounds. Thus, the activated γ-alumina (used as desiccant or catalyst [13] ) is a hygroscopic porous amphoteric substance and its easy hydration has an important influence on its surface reactivity and sorption properties. It modifies [14] [15] [16] [17] inner and surface areas and leads to transformations decreasing surface density of unsaturated coordination sites, finally yielding bayerite (β-Al(OH) 3 ). The known formation of hydration layers and chemical sorption (coordination of polar methanol, acetonitrile and aromatic (toluene) organic solvents) on alumina surface [14, 15] are detrimental for nanoparticle-surface interaction.
In this paper we show that anhydrous surface of porous activated γ-alumina becomes stabilized against hydration in water by ultrasound-assisted coating with nanosized magnetite particles in liquid alkanes and propose that this process can find use in the formation of protective shells of other metal oxide nanoparticles around surfaces of alumina-based and/or other moisture-sensitive materials.
Materials and methods
The AAS (KA404, 3-5 mm o. d., Jiangxi Xintao Technol. Co.) were dried in a vacuum at 200 o C. The magnetite nanopowder (0.05 g, Aldrich, 50 nm) was dispersed into in 50 ml of heptane or hexane (Merck, acs p.a.) in a 100 ml Erlenmayer flask which was shaken in an ultrasonic Tesla (300 W) bath for 10 min. Thereafter, the AAS (40 g) were added and the mixture was agitated with ultrasound for additional 10 min. The white spheres turned black and were separated on a nutch filter, rinsed with heptane and dried in air at room temperature. The coating procedure is illustrated in Figure 1 and cannot be accomplished in polar solvents (water or ethanol) where AAS retain their white appearance. The rigidity of the nano-magnetite coat in water was tested for the spheres submerged in deionized (DEI) water in an unmoving and a shaken flask for different spans of time (2-4 h) and also for the spheres packed in a glass column exposed to up-flow of water controlled with a peristaltic pump. After such washing, the spheres were carefully withdrawn and dried at 40 o C in air. These washed spheres and those coated in heptane were examined for their structure by XRD and BET surface analyses and by SEM, TEM and XPS techniques. The washed spheres were also tested for their ability to degrade antibiotics.
The samples of pristine and coated AAS were applied for XRD analyses after dry crushing on a steel plate and pulverizing to a very fine powder in liquid heptane using a corundum mill. Approximately 5-10 mg of the fine powder was mixed with heptane into a suspension and applied on a silicon plate. X-ray powder diffraction investigation was carried out with a Bruker D8 Discover diffractometer equipped with a silicon-strip linear LynxEye detector and a focusing germanium primary monochromator of Johansson type providing CuKα radiation (λ = 1.54056Å). Data for mineral identification were collected in the 2θ range of 5-90
• with a step size of 0.016
• and a counting time of 0.7 second at each step, and detector angular opening of 2.896
• . The phase identification was performed with Diffrac.Eva software v4.2.2 and ICDD PDF-2 database (Bruker AXS GmbH, Karlsruhe, Germany; 2011-2016). Semi-quantitative estimation of the mineral composition was calculated by the reference intensity ratio method implemented in Diffrac.Eva software.
Scanning electron microscopy images of the powdered AAS were recorded with a SEM Tescan Indusem (Bruker Quantax) microscope equipped with an EDAX detector. Transmission electron microscopy (TEM) measurements on the samples scraped from the Fe 3 O 4 -coated AAS were performed on a JEOL JEM 3010TEM microscope equipped with an EDS detector (INCA/Oxford) and CCD Gatan (Digital Micrograph software). The sample was dispersed in isopropanol, treated in ultrasound and a drop of very dilute suspension was placed on a holey-carbon coated Cu-grid and allowed to dry by evaporation at ambient temperature. Electron diffraction patterns were evaluated using JCPDS PDF-4 database [18] and the Process Diffraction software package [19] . The BET surface, the mesopore surface area and the micropore volume were evaluated from the nitrogen physical adsorption-desorption isotherms measured at 77 K obtained with the ASAP2020M instrument (Micromeritics, USA).
X-ray photoelectron spectra (XPS) were measured by Kratos ESCA 3400 furnished with a polychromatic magnesium X-ray source (Mg Kα radiation, energy 1253.4 eV, 120 W) at base pressure kept at 5.0 10 −7 Pa. The spectra were fitted using a Gaussian-Lorentzian line shape and the Shirley background was subtracted. Survey spectra between 0-1000 eV were collected with incremental step 0.2 eV and more detailed narrow spectra were taken over Al 2p, Fe 2p, O 1s and C 1s regions with the incremental steps 0.05 eV. Pass energy of 25 eV with corresponding energy resolution 0.8 eV was used for acquisition of high resolution spectra. The samples were mildly sputtered with Ar + ions at 1.0 kV with current of 10 µA for 90 sec to remove superficial layers. Spectra were calibrated to C 1s line centered at 284.8 eV. The position of samples was fixed by a double-sided carbon tape. The inner layer of the magnetite coat on the AAS was exposed for the measurement after wiping off the outer layers by a threefold attachment of the adhesive carbon tape.
The depletion of a mixture of antibiotics (ATB) -trimethoprim (TMP), sulfamethoxazole (SMX) and azithromycine (AZM) -(all purchased from Aldrich) was monitored by LC-MS spectroscopy in mildly shaken 20 ml vessels containing 3 g of the pristine or nano-Fe 3 O 4 -coated AAS soaked in 10 ml of ATB (150-200 µg/L) in DEI water or 0.2 M H 2 O 2 solution. Care was taken to avoid abrasion of the magnetite shell and then 0.1 ml aliquots of the ATB solutions were withdrawn for the analysis in one hour periods. The LC/MS spectroscopy was performed on a Dionex UltiMate3000 instrument with a MicroTOF-QIII mass detector (Bruker) and Luna C18 Phenomenex column using CH 3 CN/DEI H 2 O/HCOOH (0.1%) phase. The HRMS spectra with electrospray ionization were collected in positive ion mode. The TMP degradation (1 mg/L) in shaken 0.2 M H 2 O 2 solution containing both pristine and coated AAS washed in DEI water were carried out as above and the m/z lines of degradation fragments, monitored through using direct inlet (5 min flow at 180 µL/h rate), were assessed as average of 5 intensity values.
Results and discussion
Soaking of the dried AAS in the ultrasound agitated suspension of nano-magnetite powder in heptane leads to a fast color change of these spheres which turn black due to a continuous nano-magnetite coat developed around them. The black coat formation is a consequence of ultrasound-induced dispersion and de-agglomeration of the added (initially agglomerated) Fe 3 O 4 nanoparticles in the course of their attachment to alumina surface. This effect can operate in synergy with cavitational erosion of alumina surface. We assume that the coat is developed owing to strong attraction forces between poorly alkanesolvated nano-magnetite particles and activated alumina surface, since no such color change is observed in polar solvents like ethanol or water, wherein AAS retain their white appearance. The coat is rigid in still and moving alkanes and also in still water. However, some nanomagnetite particles of the coat are released to moving (shaken of flowing) water (Figure 2) . It is now a common view that surfaces of high temperature-activated γ-alumina [16, 20] and dry magnetite [21, 22] possess coordinatively unsaturated Al, Fe and oxide sites which behave as the Lewis acids and bases. These oxides can interact in nonpolar solvents (alkanes) through a specific (dipole-dipole or coordinative) Al-O. . . Fe-O bonding which is stronger than Fe-O. . . Fe-O bonding leading to agglomeration. Amphoteric Al 2 O 3 and Fe 3 O 4 surfaces sunk in water are modified by dissociative chemisorption of H 2 O on Lewis acidic sites forming Al-OH and Fe-OH-bonds and develop different surface charge. In pure water, pH is close to magnetite point of zero charge (pzc = 6 -6.8) [22] and within the alumina pzc values 6 -9 depending [16] on surface heterogeneity (modes of alumina preparation). At pH = 7, the alumina and magnetite surfaces develop low positive surface charges (net proton surface excess [23] ) which spread on their aqueous shells and will bring about repulsive interaction between both hydrated species. Thus, owing to the solvation by H 2 O molecules, these hydrated species become separated, since hydration-induced repulsion overwhelms attractive forces between the naked species in alkane.
The obvious reason for some loss of the Fe 3 O 4 nanoparticles in moving water is kinetic energy of water molecules colliding with outer layers of the coat. These outer layers are composed of weakly-bonded agglomerated nanoparticles which become coordinated to water, may form Fe-OH bonds and release to aqueous phase.
Fe 3 O 4 -coated AAS in still water
The XRD analysis of the dry AAS, nano-Fe 3 O 4 -coated AAS and AAS soaked in still water allows discern differences in their crystal structure (Figure 3 ). Broad and low intensity diffraction bands of the dried AAS relate to small crystalline dimensions of Aluminum Oxide (e.g. PDF 04-0880 and Boehmite AlO(OH) PDF 74-1871). These two crystalline structures are unavoidably accompanied by minor contributions of other forms of activated γ-Al 2 O 3 [18, 24] which have similar diffraction patterns.
Submerged in still DEI water, the AAS reveal diffraction bands of Bayerite (Al(OH) 3 , PDF 74-1119) and an amorphous phase at the 2 Θ range 12 -16 o . These features prove easy hydration [14] . The Fe 3 O 4 -coated AAS submerged in still water for 1 day up to 1 month possess diffraction pattern which is virtually identical to that of the dried AAS. The pattern shows neither diffraction lines of Bayerite (Al(OH) 3 ), nor the broad band at [12] [13] [14] [15] [16] o . This confirms that the nano-Fe 3 O 4 coat provides efficient protection of the AAS against hydration. We note, however, that the relative intensity of the diffraction line of Boehmite AlO(OH) at 2 Θ 14.45 o in the coated samples submerged in DEI water for 1 day, 1 week and 1 month (33, 42 and 42, respectively) is higher than that for the dried activated alumina sample (27) , which may indicate an extraordinarily slow penetration of water through the nano-magnetite coat and an insignificant hydration of alumina surface.
More understanding of porous structures of the pristine and Fe 3 O 4 -coated AAS submerged in water is gained from their texture analyses (Table 1) . It is seen that the BET surface area (S BET ), the mesopore surface area (S meso ) and the micropore volume (V micro ) of the pristine AAS before and after soaking into water are little different: the soaked alumina possesses slightly higher S BET and somewhat lower S meso and V micro values. It is known that hydration of porous aluminas into bayerite is accompanied by a slight increase [14] or decrease [17] of BET surface area, the latter being due to accretion of hydrated alumina leading to pores filling. The observed V micro and S meso values thus reflect reduction of hydrated micro and meso-regions and suggest that that the larger pores do not spall. As for the Fe 3 O 4 -coated AAS soaked in still water, their S BET , S meso and V micro values slightly decrease, which indicates that the Fe 3 O 4 coat of the AAS does not restrict passage of small (N 2 ) molecules. The small decrease in the S BET value is likely due to the nano-Fe 3 O 4 nanoparticles agglomerating on the alumina surface.
The SEM images of the pristine and the Fe 3 O 4 -coated AAS confirm that they are morphologically similar materials with rough surface and irregular cavities ( Figure  4) . The EDX analysis of the coated AAS shows the presence of both Al and Fe whose atomic % Fe/Al ratios for large (up to 300 µm-sized) and small (several µm-sized) areas are respectively ranging at 1.16-2.40 and 0.16-3.40. These different values are in line with variable coat thickness and with EDX elemental mapping at the microstructural level showing uneven µm-sized spots of pale red and pale green intensities in different areas of the image. 
Fe 3 O 4 -coated AAS in moving water
The Fe 3 O 4 -coated AAS submerged in moving DEI water or 0.2 M H 2 O 2 -DEI water solution undergo hydration. These washed spheres are still quite dark and possess grey and black patches. Their XRD pattern shows lines of aluminum oxide, Boehmite, Bayerite and Gibbsite ( Figure 5 ). The lines of Bayerite and Gibbsite are little significant for the sample exposed to moving water but pronounced for the sample exposed to moving H 2 O 2 solution. The higher extent of hydration in H 2 O 2 solution thus reflects effect of hydrogen peroxide.
The XPS spectra of the dried and hydrated AAS along with the spectra of the Fe 3 O 4 -coated AAS and the washed Fe 3 O 4 -coated AAS are helpful to get more information on surface and interface properties of these species. The stoichiometry of the dried AAS calculated from Al 2p and combined total lattice oxide and hydroxide O 1s bands shows the atomic ratio Al/O = 0.52, which corresponds to the presence of both oxide (Al/O = 0.66) and hydroxide (Al/O = 0.33) forms on the measured surface. The hydrated AAS show the Al/O ratio equal to 0.29 corresponding to hydroxide form (Bayerite, as proved by XRD). The Al 2p bands are naturally broad due to closely spaced spin-orbit components and their FWHM are about 1.8 eV for the bulk Al 2 O 3 and 2.5 eV for the hydrated aluminium oxide [25] . In our spectra, FWHM 2.56 eV is observed for the hydrated AAS and much broader band (FWHM 2.75 eV) is found for the vacuum dried AAS. This proves that in the sample with combined oxide/hydroxide forms two bands contribute to the resulting envelope (Figure 6a,6b) . The Fe 2p region of magnetite shows two broad bands due to significantly split spin-orbit components; the Fe 2p 3/2 band is de-convoluted to Fe(2+) doublet contributions at 708.3 and 709.2 eV and the multiplet Fe(3+) band contributions appear between 710.2 and 714.1 eV [26] . Exactly this spectral pattern is also observed for the washed Fe 3 O 4 -coated AAS (Figure 6c ). The O 1s spectral regions show main contributions of lattice Al-O (531.8 eV) and Al-OH (532.7 eV) in the dried AAS sample ( Figure  6d ) and a prevailing Al-OH (532.7 eV) contribution in the hydrated AAS sample (Figure 7e ). The inner layer of the magnetite coat on the spheres of the washed Fe 3 O 4 -coated AAS sample was assessed after successive threefold wiping off outer magnetite layers. The O1s spectra of the "exposed" surface at 531, 532 and 533.7 eV are, in the given order, assigned to signals of Fe-O lattice, Fe-OH signals and minor contributions ascribed to C-O /C=O moieties and/or adsorbed water (Figure 7f ). Such assignment is in accordance with the observation that only Al-OH (532.7 eV) but not Al-O (531.8 eV) can survive on the washed alumina surface and reflects high persistence of the Fe 3 O 4 nanoparticles bonded to alumina surface.
The SEM-EDX analysis of the Fe 3 O 4 -coated AAS washed in moving water (Figure 7) shows the irregular The TEM images, selected area electron diffraction (SAED) and energy dispersive x-ray spectroscopy (EDS) of the samples scratched from the coated AAS exposed to moving water give more details on the interface between alumina and magnetite coat (Figure 8) . Both compact dark 100-200 nm-sized Fe 3 O 4 cubes, either free or stuck to each other, along with brighter porous grainy and shapeless phases are observed prior and after water treatment. The SAED of magnetite cubes manifest spot diffraction patterns consistent with cubic morphology (PdF 72-2303). Diffraction patterns of the brighter phases relate to cubic γ-Al 2 O 3 , e.g. PDF 50-0741. These ca. several hundred nm-sized regions not occurring in the direct contact with Fe 3 O 4 cubes show, similarly as those of the commercial Al 2 O 3 , a pattern of diffuse spots which resemble monocrystal. Such pattern can be ascribed to agglomerates composed of almost identically oriented several ten nm-sized platelets.
The brighter regions occurring in a direct contact with the Fe 3 O 4 cubes show also diffraction pattern of rings (characteristic for nanoparticle assemblies assigned to γ-Al 2 O 3 (Pdf 50-0741), but have somewhat dissimilar structure which implies that the platelets near Fe 3 O 4 cubes decay in ultrasound to a number of nm-sized particles. Such explanation is in line with the same change of morphology upon prolonged ultrasound treatment (Figure 9) . These data thus conclude that ultrasound treatment induces changes in alumina morphology only in regions of contact between alumina and nanomagnetite entities. 
Degradation of antibiotics on AAS and Fe 3 O 3 -coated AAS
Magnetite is an important catalyst in industry and also in Fenton degradation of water pollutants. [27, 28] The catalytic action in the course of which hydrogen peroxide decomposes to highly reactive OH radical is, however, also reported for alumina [29] and for Fe 3 O 4 /Al 2 O 3 catalysts prepared by incipient wetness impregnation of powdered Al 2 O 3 [30] . It was therefore interesting to assess the degradation of a mixture of three recalcitrant antibiotics (trimethoprim (TMP), sulfamethoxazole (SMXZ) and azithromycine (AZMC)) by the washed Fe 3 O 4 -coated droxylation and those at m/z 155, 241 and 139 correspond to cleavage of TMP skeleton. In fact, these ions were also identified for the TMP degradation in H 2 O 2 solutions under conditions of heterogeneous photocatalysis [31, 32] . The intensities of the ions at m/z 139, 141 and 155 observed with 2 h shaking are much higher for the coated AAS than for pristine AAS, while these intensities after 4 h of shaking with the coated and pristine AAS are comparable. These data indicate that TMP degradation is far more feasible on the washed Fe 3 O 4 -coated AAS, whose surface is completely covered by magnetite (as shown by O 1s XP spectra, Figure 6f ). The less important TMP degradation on the pristine AAS is, however, also observed and is ascribed to alumina surface.
The above data thus that the TMP degradation is more efficient on the nanomagnetite coat than on the surface of AAS. More laborious analyses of the intensities decay with time are however needed to give a more detailed interpretation. It is seen that the intensities of the m/z at 307 observed for the TMP/H 2 O 2 solutions in contact with both kinds of spheres are lower than the value for the TMP/H 2 O 2 solution without spheres. This surprisingly high intensity of hydroxylated TMP confirms a direct reaction between TMP and H 2 O 2 and is in line with at least one channel of degradation of TMP induced from TMP-OH.
Conclusions
Hydration of white activated γ-alumina is suppressed by ultrasound-dispersed Fe 3 O 4 nanoparticles which bond to alumina surface in heptane and create black coat permeable to gaseous nitrogen.
This coat is rigid in moving phase of nonpolar alkanes. The coated spheres soaked in still water resist hydration for several weeks, whereas those soaked in moving water release a small portion of Fe 3 O 4 nanoparticles from outer layers and allow alumina hydration.
The bonding of magnetite nano particles to alumina in Figure 12 . Intensity vs. m/z value of fragments detected after 2 and 4 h (blue and red, respectively) for shaken aqueous 0.2 M H2O2solution containing the washed Fe3O4-coated AAS (a) and pristine AAS (b). Green mark designates intensity at mz 307 for pure TMP/H2O2 solution nonpolar solvent is due to attraction Coulombic forces between these entities. The sonication permits de-agglomeration and dispersion of Fe 3 O 4 nanoparticles and induces changes in alumina morphology in regions of contact between alumina and magnetite nanoparticles.
The washed Fe 3 O 4 -coated alumina spheres induce more efficient degradation of recalcitrant antibiotics than the pristine alumina spheres.
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